I. INTRODUCTION
Any method having the potential capability of reducing the energy required for ignition and high gain is of considerable interest for inertial confinement fusion (ICF). [1] [2] [3] [4] [5] It would certainly requires to mitigate the deleterious effects of the Rayleigh-Taylor instability (RTI) either, using alternative approaches such as fast and shock ignition, [6] [7] [8] [9] [10] which are expected to be less sensitive to hydro-instabilities, or by finding an active method for the control of RTI. [11] [12] [13] [14] [15] The latter could be achieved by means of dynamic stabilization consisting in the vertical vibration of the ablation front in order to produce a local modulation of the background acceleration g so that the instantaneous acceleration on the front is [11] [12] [13] [14] [15] [16] GðtÞ ¼ g þ bCðxtÞ; b ¼ x 2 A;
where CðxtÞ is a periodic function that oscillates with frequency x and b is the amplitude of the acceleration modulation.
We have already presented in previous works a theoretical analysis that shows the existence of a stability region in the space parameters ðb=g; xÞ that can be achieved within the current capabilities of the available laser facilities. [13] [14] [15] Besides, we have pointed out the existing analogies between RTI in ablation fronts, [16] [17] [18] and RTI in an interface separating two Newtonian fluids under the action of gravity. [13] [14] [15] 19 These analogies are of great relevance because dynamic stabilization has been already demonstrated experimentally, although a detailed comparison to validate the theory in relation with applications to ICF has not been performed so far. [20] [21] [22] In this work, we first present the theoretical model for the dynamic stabilization of RTI in Newtonian fluids developed in Ref. 19 . But we reformulate it in terms of more appropriate variables that, for one side, allow us to obtain explicit analytical solutions for the stability regions and, on the other hand, put in evidence the close analogies between RTI in ablation fronts and at the interface between two Newtonian fluids. These analogies serve to propose experiments with Newtonian fluids as surrogates for studying dynamic stabilization on ablation fronts but performed in a much simpler and economical framework. Then, in the second part of this work, we present detailed experiments on dynamic stabilization of RTI in Newtonian fluids which provide an excellent validation of the theoretical approach and reinforce the proposal of dynamic stabilization as a feasible method for the control of RTI at ablation fronts in an ICF scenario.
Of course, when these experiments are considered as a model case for the stabilization of ablation fronts, a major difference to be noticed is the essential role of compressibility in an ablation front for the creation of the negative semi-cycle in the acceleration modulation. In fact, ablation pressure pushes the ablation front but it cannot pull it. [20] [21] [22] [23] [24] 
II. THEORY
We first summarize the model of Ref. 19 in which we consider two semi-infinite Newtonian fluids with a contact surface at y ¼ 0 and an interfacial surface tension r. The fluids are in a uniform gravitational field G(t) given by Eq. (1), and the denser fluid of density q 2 and dynamic viscosity l 2 lies above the lighter fluid of density q 1 < q 2 and viscosity l 1 . Then, the evolution of a small perturbation of amplitude n 0 and wave number k ¼ 2p=k, where k is the perturbation wavelength (kn 0 ( 1), is described by the following equation of motion: 19, 25, 26 
where As we have already shown, the basic physical features of the dynamic stabilization of RTI are independent of the particular form of the function CðxtÞ in Eq. (1) that modulates the background acceleration g of the system. Thus, we can adopt the simplest possible waveform which consists in a periodic sequence of Dirac deltas 13, 15, 19 CðxtÞ
where m is an integer number. In order to get universal solutions of Eq. (2), we introduce the following dimensionless variables:
Thus, Eqs. (2) and (3) read
where the following definitions have been used
At this point, and following the treatment for ablation fronts so that their similarities are emphasized, we introduce the dimensionless wave number j and frequency -as follows:
with
Then, the definitions in Eq. (7) read
where k c is the cut-off wave number determined by the surface tension r and beyond which the interface is stable. Written in this manner, Eq. (5) is totally equivalent to the corresponding one that describes the dynamic stabilization of RTI on an ablation front. 13 The only differences are the different powers of j in the definitions of D and K 2 in Eq. (10). These differences certainly produce quantitatively different results but they do not alter the qualitative features of the dynamic stabilization.
Therefore, we can get the dispersion relation as in Ref. 19 but now it is written in the form of a explicit function b/g of the dimensionless wave number j with -as a parameter that characterizes the vibration applied on the interface, and j c as the parameter that characterizes the RTI under a constant gravity [
where c is the instability growth rate and, in order to find the condition for marginal stability, we will put c ¼ 0. Besides, in the previous equation, it is
With c ¼ 0, the signs plus ("þ") and minus ("À") in Eq. (12) give, respectively, the upper and the lower limits of marginal stability. We have represented them in Figs. 1 and 2 for j c ¼ 1 and 20 and for several values of the dimensionless frequency -: 1, 3, 10, 20, and 30. We can see in Fig. 1 that the upper limit has a minimum and that it increases monotonically for both, j ! 0 and j ! 1. For small values of j, the upper limit b=gÞ þ grows in the following manner as j decreases
while for j ! 1 it grows as follows:
For intermediate values of j, the upper limit b=gÞ þ has the minimum that determines the maximum value of b/g that can be used for dynamic stabilization, and this minimum will be referred as the upper boundary of stability.
In Fig. 2 , we can see that the lower limit b=gÞ À grows as j decreases, for j ( 1, in the following manner:
Equations (14) and (16) are exactly the same as the ones obtained for the dynamic stabilization of RTI in ablation fronts. 13 Besides, except by a factor ffiffi ffi 2 p , larger in the present case, Eq. (16) shows the same dependence on -and j as it was found for the sinusoidal waveform in Refs. 22 and 23.
In addition, for relatively large values of j c , b=gÞ À decreases monotonically only for the smallest values of j [ Fig. 2(i) ], while for the largest values it first increases and reaches a maximum before decreasing again for going to zero at the cut-off wave number j c [ Fig. 2(ii) ]. The latter behavior is approximately described by the following asymptotic expression:
The maximum shown in Fig. 2 (ii) can then be calculated from the previous Eq. (17) to yield
Since according to Eq. (16) the lower limit of stability b=gÞ À increases monotonically as j decreases, the interface would always be unstable for sufficiently small perturbation wave numbers and total stability, requiring the stabilization of all the wave numbers, would not be, in principle, possible. However, in practice, the system will be limited by the finite size of the vessel containing the fluids and it will determine the minimum wave number k m ¼ 3:68=d (for a cylindrical vessel of diameter d) so that smaller wave numbers will not be present. 19, [22] [23] [24] Therefore, provided that j c is sufficiently small, the lower boundary of stability will be given by Eq. (16) with j ¼ j m ¼ k m =k 0 . Instead, for relatively large values of j c , for which b=gÞ À is not a monotonic function of j [ Fig. 2(ii) ], the lower boundary will be given by Eq. (18) . Therefore, the lower boundary of stability b=gÞ lb is determined by the largest of these two values 
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In Fig. 3 , we have represented the upper and the lower boundaries of stability b/g as functions of the dimensionless frequency -for different values of the dimensionless cut-off and minimum wave numbers j c and j m , respectively. We can see in Fig. 3(i) that the upper boundary increases with j c up to achieve an asymptote beyond which it becomes practically independent of j c . An analytical expression can be written for the upper boundary as follows:
where f ðj c Þ is a weak function of j c that in the case of the driving wave form that we are considering here, consisting in a sequence of Dirac deltas, can be well fitted as f ðj c Þ % ð12=5Þð1 À e Fig. 3(ii) ], we can see that the branch of higher frequencies (-> -T ), which has a linear dependence on -in Eq. (19) , is independent of j c and that it decreases as larger is j m (for instance, for smaller vessel diameters d). Instead, the complementary branch (-< -T ) depends only on j c and it increases as j c does. So that, for too large values of j c (for instance, small surface tension r), dynamic stabilization may require non affordable high acceleration modulations b and frequencies -that, in practice, would make impossible to achieve dynamic stabilization.
We show both boundaries together in Fig. 4 for different values of j c and several values of j m . These stability charts are completely analogue to the ones obtained in Refs. 13 and 14 for the dynamic stabilization of an ablation front and put in evidence that both situations are qualitatively equivalent each other. A particular feature that it is observed in both, ablation fronts and Newtonian fluids, is the existence of the lower frequency branch [ Fig. 4(iv) ] for relatively large values of j c .
Curiously, it does not appear in ablation fronts when dynamic stabilization is driven by the sequence of Dirac deltas given by Eq. (3). 13 This unphysical feature observed in the ablation front case is because, in the limiting case of a Dirac deltas sequence, the weaker dependence on j of the damping term D (D / j instead to j 2 as in the present case) makes that the low frequency branch reduces to a point at the origin in the space ðb=g; -Þ. However, a finite region is recovered for more complex driving waveforms such as square, 14 or sinusoidal waves, 27 and, luckily, it is also recovered in the present case with a Dirac deltas driving. Such a behavior is the one responsible for the impossibility to get dynamic stabilization in the absence of a finite value of j c , determined by the surface tension in the Newtonian fluids case and by the presence of a diffusion process for the energy transport that drives the ablation front. This lower frequency branch becomes relevant for determining the lower boundary of stability when the minimum frequency -m (determined by the high frequency branch of the lower boundary and by the upper boundary) is lower than the transition frequency -T defined in Eq. (19)
This condition, together with the fact that j c ! j m , delimits the region for the dominance of the lower frequency branch determining the lower boundary of stability.
We have represented such a region in Fig. 5 and we see that this region is more easily achieved for the largest values of j m . The existence of this region has not been detected so far in the experiments on dynamic stabilization of RTI in Newtonian fluids but it has been first predicted in Ref. 19 within the same theoretical framework presented in this section, in which it is also based on the previous analysis of the dynamic stabilization of RTI in ablation fronts. 13, 14 Therefore, the experimental observation of such a region where the lower frequency branch determines the lower boundary of stability would be an excellent test for the validation of the theoretical approach and a strong indication of the potentiality of the dynamic stabilization method to control the RTI in ablation fronts.
III. EXPERIMENTS
We have performed experiments on dynamic stabilization of RTI in liquid/air interfaces (q 2 q ) q 1 ; A T ¼ 1) using the setup shown in Fig. 6 , in which the main component is a vibration system Labworks LW-140-110. It consists in a shaker (d) and a power amplifier (b) able to generate accelerations b/g up to 100 with around 300 g of load. In addition, it can deliver a sinusoidal waveform with 
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Phys. Plasmas 20, 012706 (2013) frequencies of more than 300 Hz which is varied with a wave generator (a). The shaker is mounted on a very robust base (c) isolated from ground vibrations and it can be manually rotated by means of a gear box (f). The glass vessel (e) containing the Newtonian liquids is placed on the shaker and the instantaneous acceleration is measured by means of a piezoelectric accelerometer fixed on a side of the vessel. The viscosity and surface tension of the liquids to be used were previously measured for different temperatures and, during the experiments, the temperature was monitored in each measurement with a digital infrared thermometer in order to ensure that each datum was taken at the same temperature of about 25 8C, in such a manner that the constitutive properties of the liquids were not modified during the whole experiment. The vessels were 6 cm long and they were filled up to 
012706-5
The results for the lower boundary of stability are summarized in Fig. 7 where we can see that, for relatively high dimensionless frequencies -, the lower boundary of stability b=gÞ lb follows the linear dependence with -such as given by Eq. (19) for -> -T but with the numerical factor ffiffi ffi 2 p smaller, such as it corresponds to a sinusoidal waveform driving the dynamic stabilization. [22] [23] [24] Instead, for the lowest frequencies, we can see that b=gÞ lb follows the law given by Eq. (19) for -< -T , again with a different numerical coefficient. This branch of lower frequencies is only observed in the experiments with the vessel of smallest diameter (d ¼ 1.6 cm) which has the largest value j m % 1. For the other vessel with j m % 0:6, such a branch occurs probably for values of -lower than -m and it is not observable.
The results for the upper boundary are shown in Fig. 8 . As predicted by the theory, the upper boundary turns out to be independent of the vessel diameter (different values of j m ) and, it is approximately proportional to -7=5 times a weak function of j c , such as predicted by Eq. (20) although such a function results, of course, to be different than in the case of the experiments with a sinusoidal wave.
For obtaining the results presented in Figs. 7 and 8 , we have proceeded in a similar manner as described by Wolf. [22] [23] [24] That is, first with the liquid in the stable position under static conditions (the air on the top), we set the acceleration b and the frequency x at values we expect are within the dynamically stable region. This is determined by trial and error and with the guide of the theoretical results. Then, the vessel is rotated to check that conditions correspond to the stable situation. In such a case, the liquid remains in the top part of the vessel supported by the atmospheric pressure during a rather long time of the order of several minutes. From this position, in order to determine the lower boundary of stability, we reduced the acceleration b by keeping constant the value of the vibration frequency x. When we approach the lower boundary of stability, the liquid starts to slip down on the vessel wall while the central region remains stable [ Fig. 9(b) ]. This produces some uncertainty regarding the exact value of b for which we should consider the interface as unstable and this is the main cause of the dispersion in the data shown in Fig. 7 .
For determining the upper limit, we proceed in the same manner as before, by starting from a dynamically stable situation, but now we increase the value of the acceleration b for a given frequency x. In this case, when the upper boundary is overcome, well visible corrugations appear on the interface such as shown in Fig. 9(a) .
Within the stable region, the surface remains stabilized and perfectly smooth without any observable structure, at 
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IV. CONCLUDING REMARKS
We have reformulated our previous model for the dynamic stabilization of RTI at interfaces between Newtonian fluids in order to make it completely analogue to the treatment of dynamic stabilization of RTI in ablation fronts. As a byproduct, we obtain explicit analytic solutions for the dispersion relation and for the boundaries delimiting the dynamically stable region. In particular, we put in evidence the conditions for the dominance of the low frequency branch in the lower boundary of stability. This is the one responsible for the exigence of a minimum surface tension, which leads to a minimum cut-off wave number above which the interface is stable under constant gravity conditions. Such a requirement is the equivalent to the one for which without the presence of thermal diffusion for driving an ablation front, dynamic stabilization of RTI would become not possible in the ICF scenario. In fact, as larger is the cut-off wave number j c , higher is the relevance of this branch and, at the limit of j c ! 1, it determines a lower boundary which becomes higher than the upper boundary and makes impossible the dynamic stabilization of the ablation front.
In the experiments with Newtonian fluids, we have put in evidence the existence of such a branch, predicted by the theory, for the case of the smallest vessel. According to Fig. 5 , the low frequency branch is easier to observe with the vessel of smallest diameter (d ¼ 1.6 cm), provided that j c ! j m . Otherwise, if j c j m , the interface becomes stable in constant gravity conditions, such as it happens in the pipettes used in chemistry labs, and dynamic stabilization would not make any sense.
The good agreement between the theory and experiments and, in particular, the experimental verification of the existence of the low frequency branch in the lower boundary of stability, confirms the validity of the theoretical approach used also for the analysis of the dynamic stabilization of RTI in ablation fronts present in the ICF scenario. These results should encourage to perform experiments on ablation fronts for applications to direct drive ICF. As it has been shown in Refs. 13 and 14, dynamic stabilization of RTI in ablation fronts has the potential to reduce by nearly an order of magnitude the maximum unstable wave number and by a factor of two the maximum instability growth rate. Moreover, a test of feasibility could be performed with relatively modest available facilities.
